Objective : In this study, the authors assessed the ability of rat bone marrow derived mesenchymal stem cells (BMDMSCs), in the presence of a growth factor, fibroblast growth factor-4 (FGF-4) and hydroxyapatite, to act as a scaffold for posterolateral spinal fusion in a rat model. Methods : Using a rat posterolateral spine fusion model, the experimental study comprised 3 groups. Group 1 was composed of 6 animals that were implanted with 0.08 gram hydroxyapatite only. Group 2 was composed of 6 animals that were implanted with 0.08 gram hydroxyapatite containing 1 × 10 6 / 60 µL rat of BMDMSCs. Group 3 was composed of 6 animals that were implanted with 0.08 gram hydroxyapatite containing 1 × 10 6 / 60 µL of rat BMDMSCs and FGF-4 1 µG to induce the bony differentiation of the BMDMSCs. Rats were assessed using radiographs obtained at 4, 6, and 8 weeks postoperatively. After sacrifice, spines were explanted and assessed by manual palpation, high-resolution microcomputerized tomography, and histological analysis. Results : Radiographic, high-resolution microcomputerized tomographic, and manual palpation revealed spinal fusion in five rats (83%) in Group 2 at 8 weeks. However, in Group 1, three (60%) rats developed fusion at L4-L5 by radiography and two (40%) by manual palpation in radiographic examination. In addition, in Group 3, bone fusion was observed in only 50% of rats by manual palpation and radiographic examination at this time.
INTRODUCTION
Spinal fusion is a commonly performed spinal procedure and autograft placement remains the gold standard for achieving spinal fusion. However, the rate of bone fusion failure is nearly 45%, and the incidence of morbidity associated with autogenous iliac crest bone graft harvesting is -30% 2, 9, 26) . These non-unions frequently lead to clinical symptoms, high medical costs, morbidity, and the need for additional surgery. These problems have led surgeons to search for alternative solutions to stimulate bone formation.
The most predictable bone fusion materials, recombinant BMPs, have also been used successfully in clinical trials 3, 32) . However, large doses of BMPs are required to induce adequate bone repair, and the associated costs are too great a burden for patients 24, 25) . Therefore, the development of alternative strategies is desired. Cell therapy, which can potentially replace BMP, has been introduced, and has the additional advantages of no donor site complications, and straightforward harvesting and application 1, 19, 28, 30, 32, 33) . Mesenchymal stem cells (MSCs) from bone marrow have been studied in the context of treating bone defects because of their ability to differentiate into the bony lineage under appropriate conditions 4, 6, 10, 26, 29, 30) . However, the short life span of bone marrow derived mesenchymal stem cells (BMDMSCs) and reductions in their differentiation potentials in culture have limited the progress of MSCbased therapies. To overcome the limitations of cell-based therapy, growth factors and scaffolds have been examined to promote stable growth and the differentiation of BMDMSCs [4] [5] [6] [7] 10, 14) . We have used hydroxyapatite ceramic as a bone scaffold for extensive bone replacement. Hydroxyapatite is composed of calcium phosphate and is incorporated into bone as a physiological minera 2, 11, 12, 15, 23, 31) . It is not antigenic, carcinogenic, or osteogenic. Furthermore, fibroblast growth factor-4 (FGF-4) has been introduced as a strong mitogen for bone derived cells, and also induces bone formation by stimulating the proliferation and differentiation of mesenchymal osteoprogenitor cells when administrated systemically or locally to fracture sites 13, 18, 20) . FGFs elicit a variety of biological responses, such as, cell proliferation, differentiation and the migration of mesenchymal stem cells 13, 18, 20) . FGF-4 has higher cell mitogenic activity than the other known FGFs, and thus, we hypothesized that FGF-4 promotes bone fusion by facilitating MSCs on hydroxyapatite to promote their proliferation and differentiation into osteoblasts.
MATERIALS AND METHODS

Isolation and culture of bone marrow MSCs
Bone marrow cell preparation Bone marrow was harvested from the femurs and tibias of 4-week-old male Sprague Dawley (SD) rats. Briefly, marrow plugs resuspended in α-minimum essential medium (MEM) were centrifuged, and the resulting cell pellet was resuspended in α-MEM containing 10% fetal bovine serum (FBS, Gibco Invitrogen) (proliferation medium). Nucleated cells were seeded onto 150-mm culture dishes and incubated at 37˚C for 6 days. Non-adherent cells were removed, and the monolayer of adherent cells was further incubated in complete medium until they reached a semi-confluent condition. Cells were then trypsinized (0.25% trypsin-EDTA, Gibco), resuspended in complete medium, reseeded (8,000 cells/cm 2 ), and cultured for 3 days. Resulting monolayers of cells, hereafter referred to as rat mesenchymal stem cells (rMSCs), were trypsinized and aliquots were either, frozen and stored or cultured further.
For phenotypic analysis of BMMSCs after passage 3, cells were lifted with 0.25% trypsin/EDTA (Gibco-BRL) and the trypsin/EDTA was then inactivated with fresh media. We resuspended approximately 3 × 10 4 BMMSCs per tube in 200 µL of phosphate buffered saline (PBS) + 2% FBS and fixed the solution with 2% paraformaldehyde for 10 min at room temperature. Cells were subsequently incubated for 20 min at 4˚C with the primary antibodies to CD34 and CD44 (both from BD Biosciences, Bedford, MA). After washing twice with PBS +2% FBS, cells were incubated with a fluorescein isothiocyanate (FITC)-conjugated with goat anti-rat antibody (Sigma-Aldrich, St. Louis, MO) for 15 min at 4˚C. For control experiments, cells were stained with secondary antibodies only. After washing twice with PBS + 2% FBS, cells were analyzed by flow cytometry using a FACScaliber Flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA) ( Fig. 1 ).
Surgical technique in rat
SD rats were anesthetized with intraperitoneal (i.p.) ketamine. The spine fusion model has been previously citation initially, a posterior midline incision was made, and this was followed by two separate paramedian incisions 3 mm from midline in the lumbar fascia. The transverse processes of L4 and L5 were then exposed. These processes were decorticated with a low-speed burr to produce a fusion material bed ( / 60 µL rat bone marrow derived stem cells and FGF-4 1 µG. The fascia and skin incisions were closed with a 3-0 absorbable suture. Rodents were housed in separate cages, allowed to eat and drink ad libitum, and their conditions were monitored on a daily basis.
Radiographic analysis
Fusion between L4 and L5 was quantified using plain radiographs obtained at 4, 6, and 8-weeks postoperatively. Fusion between L4 and L5 transverse processes was recorded together with the percentage of total area between L4 and L5 filled with new bone. Three examiners unaware of experimental details evaluated whether fusion as was solid or not between top and bottom transverse processes, based on increases in radio-opacities versus initial evaluations. Fusion was accepted only when the three examiners agreed.
Manual assessment of fusion
Manual palpation has been determined to be the most sensitive and specific means of assessing spinal fusion in this model. Three blinded observers assessed spines in this manner. At 8 weeks postoperatively, all spines were explanted and subjected to manual palpation to assess fusion at L4-L5. The spinous processes of L4 and L5 were identified and motion was assessed at this level. The absence of motion (right and left) was considered successful fusion. The spines were scored as either fused or not fused.
MicroCT analysis
Individual spines were attached on a sample holder with a consistent superior-inferior orientation and scanned using a microCT unit (Skyscan 1072, Aartselaar, Belgium) operating in the fan beam mode. Images were obtained at 80 V and 100 µA with a 1-mm aluminum filter, at a magnification of ×11.23 (pixel size = 21.31 µm in all three spatial directions). A rotation of 0.90˚was used between each image acquisition. Three-dimensional modeling and bone reconstruction were performed using ANT software (release 2.05; Skyscan). This program allows the reconstruction of objects from a stack of 2D sections, and allows structural parameters to be analyzed, after interactive thresholding. The reconstructed 3D models were obtained using a surface-rendering algorithm.
Histologic analysis
After death, spines were dissected, and specimens were fixed in 40% ethanol, decalcified using standard RDO solution (AEPC, Aurora, IL, USA) in a specimen container, washed with running tap water, and then transferred to 75% ethanol. Serial sagittal sections near transverse processes were cut at the level of the transverse process. The specimens were embedded in wax and sectioned. The sections were stained with hematoxylin and eosin.
Statistical Methods
Radiographs were scored by three blinded independent observers. Fusion rates in the three groups as determined by radiographic and manual palpation were compared using Fisher's exact test. K-statistics were calculated to measure interobserver reliabilities.
RESULTS
Radiographic analysis, manual palpation, and microCT
Radiographs of rat spines were obtained at 4, 6, and 8 weeks postoperatively. At 4 weeks, rat spines in each group were not sufficiently fused between the transverse processes of L4 and L5. At 8 weeks, 5 (83%) of the 6 rats in Group 2 achieved fusion by plain radiography. In contrast, only 3 (60%) of 5 rats (one rat expired) in Group 1, and 3 (50%) of 6 rats in Group 3 showed minimal evidence of new bone formation by 8 weeks (Fig. 3) . Good agreement (K = 0.667) was found between the three observers. All spines were manually palpated by 3 observers. All five rat spines in Group 1 were assessed for fusion. However, two rats of three with fusion radiographically were found not to have achieved fusion due by palpation, and thus, only one (20%) was found to have achieved bone fusion in Group 1. Manual palpation findings in Group 3 agreed with radiographic findings. Fisher's exact test revealed a significantly different fusion rate between Group 1 and both of the other groups (p < 0.001). Three-dimensional microCT was performed after rats were sacrificed at week 8. Five spines from Group 1 exhibited new bone formation. The new bone masses solidly fused the L4 and L5 transverse processes, and no gaps were detected between the L4 and L5 transverse processes (Fig. 4) . Multiple cut sections were reconstructed to determine the presence of a bony bridge between transverse processes. The presence of trabeculae bridging of L4 and L5 transverse processes on cut plane images was consistently observed for all spine samples that were assessed as fused by manual palpation (Table 1) .
Histologic analysis
In Group 1, the histologic findings showed that the area between transverse processes was filled with hydroxyapatite.
Despite some absorption of hydroxyapatite, bony replacement was not observed between the L4-L5 transverse process. Histologic analysis of Group 2 specimens confirmed bone fusion and demonstrated bone formation bridging the L4-L5 transverse processes (Fig. 5) . This bone formation was localized to a region between the transverse processes and appeared mature at 8 weeks postoperatively. Furthermore, the pores of grafted hydroxyapatite fragments were filled with new bone. In un-fused cases of Group 3, fibroblast cells and cartilage predominated in grafted areas, and no new bone formation was observed.
DISCUSSION
BMDMSCs have the capacity for self-renewal and differentiation into a variety of cell types, 4, 7, 25, 27, 29) and represent an attractive source of cells for spinal fusion therapy. However, the life span of BMMSCs is short and their low differentiation potentials in culture have limited the progress of MSC-based therapies 25) . To improve fusion rates, some researchers have found that it was important to implant larger cells that have differentiated into the osteogenic lineage 21, 22, 29) . Thus, we hypothesized that greater differentiation of BMDMSCs into osteogenic cells and their increased proliferation would increase the likelihood of achieving successful spinal fusion.
Recent studies have demonstrated that FGFs play a crucial role in self-renewal, maintenance, and the proliferation of hematopoietic stem cells, MSCs, neural stem cells, and embryonic stem cells 7, 8, 13, 16, 18, 20, 22) . Fibroblast growth factor (FGF) belongs to a family of heparin-binding growth factors, and promotes the proliferation, migration, survival, and differentiation of many different cell types 8, 13, 16, 18, 20, 22) . FGF-2 functions as a mitogen, and increases the cellular proliferations of mesenchymal stem cells and stromal cells derived from various tissues, such as, bone marrow, adipose, and heart tissues 5, 13, 20) . Furthermore, FGF-2 was found to suppress the cellular senescence of human MSCs and to sustain the proliferative and osteogenic potentials of adipose tissue-derived stromal cells 5, 13, 20) . FGF-4 has been reported to increase the proliferation of neural progenitors, the survival of trophoblast stem cells, and the numbers of human hematopoietic colony-forming cells 5, 7, 8, 13, 17, 18, 20) . Others have reported that FGF-4 plays important roles in bone development during embryogenesis 17) . When 1 µG of rhFGF-4 was injected into the tibia of 10-week-old SD rats, they produce an osteoblastic population. At days 4 and 7, sets of animals were subjected to tibial bone marrow cell culture in an osteogenic medium. Basic FGF is a strong mitogen for bone derived cells, and also induces bone formation by stimulating the proliferation and differentiation of mesenchymal osteoprogenitor cells when administrated systemically or locally to fracture site. Basic FGF stimulates osteogenic differentiation of dexamethasonetreated bone marrow mesenchymal stem cell as evidenced by enhanced by enhanced alkaline phosphatase activity, osteocalcin production, and bone nodule formation 22) . In the present study, we failed to find that bone formation was promoted by the incorporation of FGF-4. Rather, we found fibrotic tissue in grafted areas. Accordingly, based on our findings, it appears that FGF-4 may promote fibroblast formation and inhibit the osteogenic differentiation of grafted BMDMSCSc. Our experimental results were similar to that of basic FGF induced proliferation. Choi et al. 5) reported that rat bone marrow-derived mesenchymal stem cells treated with mitogenic factor basic FGF and differentiation factor BMP-2 stimulated osteogenesis more so than exposure to these factors alone. Bone formation is a complex set of events that are regulated by the extracellular matrix, systemic hormones, mechanical stress, and by the local productions of cytokines and growth factors. The levels of osteoinductive bone proteins in implants and their concentrations at interface points between implants and host bone must be in the physiologic range (which often requires high initial doses), to enable responding cells to come into sufficient contact with the proteins to initiate bone induction. When bone marrow-derived mesenchymal stem cells were combined with basic FGF, spinal fusion was achieved when a small dose of BMP was used, as an osteoinductor, or dexamethasone was co-administered to augment the osteogenic differentiation induced by FGF-4 7, 13, 17) . We believe that FGF-4 promotes the proliferation and differentiation of mesenchymal stem cells into more osteogenic cells under suitable conditions in vitro, but the present study demonstrates that FGF-4, added to differentiate primitive BMDMSCs did not induce fusion in vivo. We regard the reason of unexpected result as inadequate dose of FGF-4 for fusion. We should have studied larger number and various different doses of FGF. However, the present study demonstrates that the osteogenic and proliferated mesenchymal stem cells and hydroxyapatite particles composite would promote new bone formation in the grafted area without dose adjustment or dexamethasone.
CONCLUSION
The present study demonstrates that 0.08 gram of hydroxyapatite with 1×10 ). C : Group 3 H.A + MSC + fibroblast growth factor-4 (FGF-4). Some calcified lesions in the control group were visible in inter transverse process space, but in most cases no bone material was observed. Osteocytes were observed in the MSC group and much cartilage formation was observed on surrounding areas, suggesting a high probability of bone formation given time. Groups treated with FGF-4 showed a predominance of fibroblasts.
A B C primitive 1×10 6 / 60 µL rat of BMDMSCs did not induce fusion. Based on histologic data, FGF-4 appears to induce fibrotic change rather than differentiation to bone by 1× 10 6 / 60 µL rat of BMDMSCs.
